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Schistosoma japonicum egg antigens stimulate CD4" CD25™ T cells
and modulate airway inflammation in a murine model of asthma
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Introduction

Summary

A number of epidemiological and clinical studies have suggested an
inverse association between allergy and helminth infection, such as Schis-
tosomiasis. Therefore, we hypothesize that Schistosoma japonicum egg
antigens, a type of native antigen, can induce production of CD4* CD25*
T cells with regulatory activity, modulating airway inflammation and
inhibiting asthma development. The frequency of CD4" CD25" T cells
was determined by flow cytometry for mice treated with ovalbumin
(OVA), CD25* depletion/OVA, schistosome egg antigens, schistosome egg
antigens/OVA and for control mice. The ability of CD25" T cells from
these mice to suppress T-cell proliferation and cytokine production was
investigated both in vivo and in vitro. Results showed that the CD4*
CD25"* T cells of OVA-treated mice exhibited impaired control of dysreg-
ulated mucosal T helper 2 responses compared to the controls (P < 0-05).
Depletion of CD25" cells accelerated OVA-induced airway inflammation
and increased the expression of interleukin (IL)-5 and IL-4. Treatment
with schistosome egg antigens increased the number and suppressive
activity of CD4" CD25" T cells, which made IL-10, but little IL-4.
In a murine model of asthma, S. japonicum egg antigens decreased the
expression of Th2 cytokines, relieved antigen-induced airway inflamma-
tion, and inhibited asthma development. Thus, we provided evidence that
S. japonicum egg antigens induced the production of CD4* CD25™ T cells,
resulting in constitutive immunosuppressive activity and inhibition of
asthma development. These results reveal a novel form of protection
against asthma and suggest a mechanistic explanation for the protective
effect of helminth infection on the development of allergy.

Keywords: asthma; CD4" CD25" T cells; IL-10; egg antigen; Schistosoma
japonicum

explain the increasing prevalence of the dysregulated
mucosal T helper 2 (Th2) responses that characterize

Strong evidence exists to support the contention that the
development of allergies and auto-immunity are influ-
enced by both genetic background and environment/life-
style."? The prevalence of allergic diseases such as asthma,
the best-documented of the allergic diseases, has increased
markedly over the past few decades.”® Hypotheses to

allergic hyperreactivity have typically been framed in
terms of reduced or absent stimulation by Thl-polarizing
stimuli. Often called the ‘hygiene’ hypothesis, the pre-
dominant model has suggested that this dramatic increase
in allergic disease parallels the greatly reduced exposure
to childhood bacterial and viral infections brought about

Abbreviations: BALF, bronchoalveolar lavage fluid; Foxp3, forkhead box P3; LNFP, lacto-N-fucopentose; LTNT, lacto-N-tetrose;
OVA, ovalbumin; PBMC, peripheral blood monocyte; PBS, phosphate-buffered saline; SEA, soluble egg antigen; S. japonicum,
Schistosoma japonicum; S. mansoni, Schistosoma mansoni; Treg cell, regulatory T cell.
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by improvements in vaccination and sanitation.”” Yet,
this hypothesis virtually ignores the effect of the elimin-
ation of chronic Th2-polarizing stimuli during this same
time period. Interestingly, many studies have indicated
that little allergic disease is found in developing countries
where Th2-mediated helminth infection is still endemic.
Some epidemiological and clinical studies have suggested
an inverse association between helminth infection and
allergy.* ' However, there is very little data available to
explore the mechanism by which helminth infection
might protect against allergy. It is clear that the protective
effect of helminth infection on allergy development can-
not be explained simply in terms of the absence of
Thl-inducing stimuli. This has led to a reworking of the
hygiene hypothesis in which the counter-regulatory mech-
anisms induced by all types of inflammatory responses
are emphasized.”'"'* Prominent among these mecha-
nisms is the regulatory T-cell secretion of immuno-
suppressive cytokines such as interleukin (IL-)10 and
transforming growth factor-B (TGF-B), which regulate
Th2 cell-mediated allergic inflammation in the airways.

CD4" CD25" regulatory T cells (Treg cells) exhibit a
constitutive immunosuppressive activity that was first des-
cribed in the context of autoimmune disorders.'>'* They
are one of several subsets of regulatory T cells involved
in controlling inappropriate or excessive immune activa-
tion.'>'® CD4* CD25" T cells have been demonstrated to
suppress antigen-specific CD4" or CD8" T cell respon-
ses directed against allografts'” and tumours,'® as well as
against bacterial,'® parasitic®® and viral*' antigens or infec-
tions. Murine CD4" CD25" T cells mediate the suppression
of effector T-cell function both in vitro and in vivo via sev-
eral mechanisms, requiring either cell—cell contact®* or the
production of immunosuppressive cytokines, such as
IL-10* and TGF-B.** Recent work has shown that the fork-
head family transcription factor Foxp3 is critically import-
ant for the development and function of regulatory T cells.
Lack of Foxp3 leads to development of fatal autoimmune
lymphoproliferative disease.*”

Evidence indicates that chronic Schistosoma mansoni
infection or exposure to eggs from this helminth down
regulates the type 1 immune response and prevents the
onset of Thl-mediated diseases such as multiple sclerosis,
diabetes mellitus and Graves’ hyperthyroidism.***® Other
studies have revealed that chronic exposure to S. mansoni
also down-regulates Th2-mediated atopic diseases.'****°
Moreover, recent reports show S. mansoni infection leads
to the development of a population of CD4" CD25" T cells
that make IL-10, but little of the signature Th2 cyto-
kines, and inhibit T cell proliferation and cytokine
production.’*?

This study used a murine model of asthma to deter-
mine if S. japonicum egg antigens can induce production
of CD4" CD25" T cells with immunosuppressive activity
and the ability to modulate airway inflammation and

S. japonicum eggs prevent asthma by Treg

inhibit asthma development. We postulate that CD4"
CD25" T cells generally inhibit potentially pathogenic
Th2 responses to allergens, and that this process is defi-
cient in individuals or mice with asthmatic disease.

Materials and methods

Mice and antigen preparations

Six—8-week-old female BALB/c mice were purchased from
SLAC Laboratory (Shanghai, China) and bred in our own
facilities. All mice were kept in well-controlled animal
housing facilities and had free access to tap water and
pellet food throughout the experimental period. The stud-
ies adhered to the National Institutes of Health guidelines
for the experimental use of animals. S. japonicum eggs
were extracted from the livers of infected rabbit and
enriched for mature eggs. Soluble schistosome egg antigen
(SEA) was obtained from homogenized S. japonicum eggs
as described.”

Immunizations

S. japonicum egg antigens were used to immunize 10 mice
in each of four experimental groups. Each mouse was
either intravenously (i.v.) administered 200 ug of SEA,
fed with 10 000 dead S. japonicum eggs, fed 200 pg of
SEA, or injected with SEA and fed SEA or eggs. Depend-
ing on the experiment, the immunizations were given
once a week for a period of 4 weeks. Control mice were
injected with phosphate-buffered saline (PBS).

For allergen sensitization, pulmonary sensitization to
ovalbumin (OVA) was performed as previously described.**
Briefly, in each of the four experimental groups, 10 mice
were injected intraperitoneally (ip.) with 10 pg OVA
(Sigma, St. Louis, MO), absorbed to 3 mg of aluminium
hydroxide in 0-3 ml of sterile PBS on days 0, 7, and 14. On
days 26, 27, and 28 after the initial sensitization, mice were
anaesthetized with ketamine anaesthesia (Sigma, 35 mg/kg)
and airway challenged intranasally (i.n.) with 100 pg of
OVA in 50 pl of PBS. In all experiments, control mice were
handled identically and administered saline and aluminium
hydroxide i.p and i.n. with PBS while following the same
schedule that was used for the experimental animals.

In some of the experiments evaluating S. japonicum egg
antigen immunotherapy, the murine model of asthma
received four injections of SEA (200 pug/mouse) plus oral
administration of dead S. japonicum eggs (10 000/mouse)
for a period of 4 weeks.

Cell depletion

To examine whether Treg cells contribute to the suppres-
sion of the T-cell response, mice were depleted of CD25
cells using 500 pg of 7D4, a CD25-specific monoclonal
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antibody (mAb; American Type Culture Collection, Man-
assas, VA) 2 days before immunizing them with OVA.
Control mice were injected with an isotype of anti-CD25
mAb.

Cell isolation and flow cytometry

Flow cytometric quantification of cellular subsets was
performed using fresh peripheral blood mononuclear
cells (PBMC) surface stained with mAbs recognizing anti-
CD4-phycoerythrin (PE)-Cy5 and anti-CD25—fluoroscein
isothiocyanate (FITC; BD PharMingen, San Diego, CA).

Splenocytes were depleted of CDS8 cells using anti-
CD8-coupled immunomagnetic beads (Dynal, Brown
Deer, CA). CD4 cells were isolated from CD8-depleted
splenocytes with a negative CD4" T cell isolation kit
(Miltenyi Biotech, Auburn, CA). CD4" CD25" T cells
were isolated from the pure, untouched CD4" T cells
using CD25 microbeads (Miltenyi Biotech). The purity of
the CD4" CD25" population was >85% and the purity of
the CD4" CD25 population was >90%. Antigen-present-
ing cells (APC), obtained by isolating the positive fraction
of the CD4" no-touch magnetic sort after depleting CD8"
T cells, were irradiated with 30 Gy.

In vitro suppression assay

CD4" CD25™ and CD4* CD25" T cells were isolated (10
mice/group) and proliferation assays were performed in
triplicate by culturing CD4" CD25 cells (5 x 10%),
CD4* CD25" T cells (5% 10* or both populations
in 96-well U-bottom plates (0-2 ml/well) with APCs
(5 x 10% for 72 hr at 37° in complete medium. Cul-
tures were polyclonally stimulated by soluble anti-CD3
(10 pg/ml) (BD PharMingen) or SEA (50 pg/ml). Supern-
atants were collected at 72 hr and the production of
cytokines was measured, as described below, using Lum-
inex technology. After 3 days, 0-5 uCi/well [*H]thymidine
was added. Incorporation of [? H]thymidine was assessed
after 16 hr of additional culturing.

Intracellular staining

The cytokine profile of CD4" CD25" and CD4" CD25~ T
cells was analysed and compared using anti-IL-4-PE,
anti-IL-10-PE, and anti-interferon-y (IFN-y)-PE mAbs.
Isolated CD4" CD25" and CD4" CD25™ T cells were acti-
vated with SEA (100 pg/ml) for 6 hr. Brefeldin A (0-7 ng/
ml; Sigma) was added for the last 5 hr. Cells were then
washed, fixed and permeabilized (Cytofix/Cytoperm solu-
tion; BD PharMingen) and stained with titrated amounts
of cytokine-specific antibodies.

To detection the expression of Foxp3 in CD4" CD25"*
T cells, 1x 10° splenocytes were surface-stained with
FITC anti-mouse CD4 mAbs and APC anti-mouse CD25

mAbs after isolation, and subsequently with 0-5 ug PE
anti-mouse Foxp3 or PE rat immunoglobulin G2a
(IgG2a) isotype controls using Mouse Regulatory T Cell
Staining Kit (eBioscience, San Diego, CA).®

Cytokine detection

Cytokines in serum, in bronchoalveolar lavage fluid (BALF)
and in culture supernatant were analysed using a mouse
cytokine multiplex assay (IL-10, IL-4, IL-5, IL-2 and IFN-v)
from R & D Systems, Inc. (Minneapolis, MN). The assay
was performed according to the manufacturer’s protocol.
Briefly, 25 pl of cell supernatant was incubated with anti-
body-coated beads mix for 16 hr at 4°. The beads were
washed twice and incubated with secondary biotinylated
antibody mix for 1 hr at room temperature. Streptavidin—
PE was added and the mixture was incubated for an addi-
tional 30 min at room temperature. The beads were washed
three times and then analysed on a Luminex 100 (Luminex,
Austin, TX) platform. Cytokine concentrations were cal-
culated from standard curves. A DuoSet enzyme-linked
immunosorbent assay (ELISA) development kit for the
detection of murine TGF-f3 was purchased from R & D Sys-
tems. TGF-P was assayed according to the manufacturer’s
instructions. The minimum significant values of these
assays were: 10 pg/ml of IL-4, IL-5 and IL-10 and 30 pg/ml
of IFN-y and TGF-f in serum; 3 pg/ml of IL-4 and IL-5
and 20 pg/ml of IFN-v in BALF; and 2 pg/ml of IL-2.

BALF and histopathology

At 24 hr after the last OVA challenge, mice were deeply
anaesthetized by ip. injection of urethane (15 mg/10 g
body weight) (Sigma-Aldrich), immediately after which
blood samples were collected and the resulting sera were
stored. Airways were washed twice with 1 ml PBS, and
the BALF cell differential counts and percentages were
determined by Diff-Quik staining of cytospin slides. Two
hundred cells per slide were counted. Aliquots of BALF
were stored for cytokine measurements.

Immediately after BALF collection, the lungs were fixed
in 10% neutral-buffered formalin. Paraffin-embedded sec-
tions (4 pum) were stained with haematoxylin and eosin.
Tissue-infiltrating inflammatory cells were quantitated by
counting the cells in 10 high-power fields (1000x) from
10 similarly sized small bronchioles or 10 similarly sized
blood vessels per mouse. Inflammation was scored by
three independent blinded investigators. The degree of
peribronchial and perivascular inflammation was evalu-
ated on a subjective scale of 0-3, as described elsewhere.*®
A value of 0 was assigned when no inflammation was
detectable, a value of 1 was assigned for occasional cuffing
with inflammatory cells, a value of 2 was assigned when
most bronchi or vessels were surrounded by a thin layer
(one to five cells thick) of inflammatory cells, and a value
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of 3 was given when most bronchi or vessels were sur-
rounded by a thick layer (more than five cells thick) of
inflammatory cells. Total lung inflammation was defined
as the average of the peribronchial and perivascular
inflammation scores.

Statistical analysis

Results are expressed as means + SEM. Comparisons
between the two groups of mice were analysed using
Mann-Whitney U-tests. The statistical analysis was per-
formed by using the SPSS 10.1 program. A value of
P < 0-05 was considered statistically significant.

Results

SEA injection plus oral administration of
S. japonicum eggs increased the number of
CD4* CD25" T cells and IL-10 in vivo

Thymus-derived endogenous population of CD4" CD25*
regulatory T cells constitute 5-7% of peripheral CD4" T
cells in naive mice and humans. CD4" CD25" regulatory
T cells could also be induced at peripheral by infection
or administration of antigens. To determine which route
of administration could induce an increased number of
CD4" CD25" T cells, cohorts of female mice were either
injected with SEA, orally administered dead S. japonicum
eggs, orally administered SEA, or treated with SEA plus
orally administered eggs once a week for a period of
4 weeks. Control mice were injected with PBS. Only
injections of SEA plus oral administration of dead eggs
induced a significant increase in the number of CD4"
CD25" T cells when compared with other methods of
administration and with the controls (P < 0-05) (Fig. la).
Thus, in the following experiments evaluating S. japonicum
egg antigen immunotherapy, the murine model of asthma
received four injections of SEA (200 pg/mouse) plus oral
administration of dead S. japonicum eggs (10 000/mouse)
for a period of 4 weeks.

The levels of IL-10 and TGF-f, two immunosuppres-
sive cytokines produced by CD4" CD25" T cells, were
measured in SEA plus oral administration of dead
S. japonicum eggs mice and controls. In serum, IL-10 was
significantly increased in the egg antigen treatment group
compared with the controls (P < 0-05). However, there
was no significant difference in the level of TGF-B
between the two groups (Fig. 1b).

In vitro CD4* CD25" T cells made IL-10 and
suppressed proliferation and IL-2 production of
CD4" CD25 T cells in response to SEA

To study the immunoregulatory capacity of CD4" CD25"
T cells from S. japonicum egg antigen mice, coculture
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Figure 1. S. japonicum egg antigen treatment induces an increase in
CD4" CD25" T-cell numbers and serum IL-10 in vivo. (a) Six groups
of BALB/c mice (10/group) were immunized. Each mouse was either
i.v. injected with 200 pg of SEA, fed 10 000 dead S. japonicum eggs,
fed 200 pg of SEA, or injected with SEA and fed SEA or eggs. Con-
trol mice were injected with PBS. The immunizations were given
once a week for a period of 4 weeks. Twenty-four hr after the last
immunization, the mice were killed and PBMCs were surface stained
with anti-CD4-PE-Cy5 and anti-CD25-FITC mAbs. The percentage
of CD4* CD25" T cells among CD4" T cells was determined by flow
cytometry, *P < 0-05 compared to all other groups. (b) The levels of
IL-10 and TGF-B were measured in SEA plus oral administration of
dead S. japonicum eggs mice and controls. *P < 0-05 compared to
PBS mice, the difference of TGF-3 was not statistically significant.

experiments were performed using equal numbers of
CD4" CD25" and autologous CD4" CD25" T cells that
were stimulated by SEA. The isolated CD4" CD25" T cells
dramatically decreased the proliferation of CD4" CD25~
T cells (Fig. 2a).

The ability to inhibit IL-2 production from CD4"
CD25 T cells was one of the first activities ascribed to
CD4* CD25" T cells.”” As expected, inhibition of SEA sti-
mulated CD4" CD25~ T-cell proliferation by CD4"
CD25" T cells from S. japonicum egg immunized mice
was associated with a reduction in antigen-induced IL-2
secretion; the CD4" CD25" T cells themselves did not
produce IL-2 in response to SEA (Fig. 2b).

In addition, the cytokine profile of CD4* CD25" T cells
was determined. After 4 hr of SEA stimulation, CD4"
CD25" T cells showed enhanced IL-10 production com-
pared with the CD4" CD25 population. In contrast,
CD4" CD25" T cells displayed a marked decrease of IFN-y
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Figure 2. Functional analysis of CD4" CD25" T cells from S. japonicum egg antigen mice. (a) CD4" CD25" T cells decreased the proliferation of
CD4" CD25™ T cells. Twenty-four hr after the last antigen administration, mice were killed and proliferation assays were performed in triplicate by
culturing freshly isolated CD4* CD25™ cells (5 x 10%), CD4" CD25" T cells (5 x 10*) or both populations in 96-well U-bottom plates (0-2 ml/well)
with APCs (5 x 10*) for 72 hr at 37°. Cultures were polyclonally stimulated by soluble anti-CD3 (10 pg/ml) or SEA (50 pg/ml). After 3 days,
0-5 pCi/well [*H] thymidine was added. Incorporation of [3H]thymidine was assessed after 16 hr of additional culturing. The data represent the
mean c.p.m. determined for each of the 10 individual animals per experimental group. (b) CD4" CD25" T cells suppress the IL-2 production of
CD4" CD25™ T cells. CD4" CD25™ T cells (5 x 10*) alone or cocultured with CD4" CD25" T cells (5 x 10*) were stimulated with 100 pg/ml SEA
for 48 hr and supernatants were collected for mouse cytokine multiplex assay. *P < 0-05 compared to all other mice. (c) Cytokine profiles of
CD4" CD25" and CD4" CD25™ T cells. Intracellular cytokine production of CD4" CD25"and CD4" CD25™ T cells was determined by PE conju-
gated anti-IL-4, anti-IL-10, and anti-IFN-y mAbs after 6 hr of SEA stimulation.

production when compared with CD4" CD25~ T cells. while, the mean percentage of CD4" CD25" T cells were
Both populations synthesized a certain amount of IL-4 significantly increased in egg antigens mice and egg anti-
(Fig. 2¢). gens/OVA mice (Fig. 3a). In addition, CD4" CD25~ T-cell

proliferation when mixed with autologous CD4" CD25"

. . T cells was lower in S. japonicum egg mice (suppres-
In the murine model of asthma, treatment of mice jap &8 (supp

with S. japonicum egg antigens induced CD 4* CD25* sion <81%) than in the controls (suppression >63%)

. . . . (Fig. 3b).

cells with decreased suppressive activity . .

It was important to examine whether the loss of regula-
The percentage of CD25" T cells in the total CD4" T cell tory function in OVA mice was caused by a decrease in
population was measured in OVA mice, egg antigens CD4" CD25" T-cell suppressive function or to an increase
mice, egg antigens/OVA mice and control mice. In con- in the resistance of activated CD4'CD25  responder
trol mice, the mean percentage of CD4" CD25" T cells T cells to inhibition. Thus, the suppressive ability of
was 7-43 £ 0:95% of all CD4" T cells. The percentage CD4" CD25" T cells from OVA mice, S. japonicum egg
in OVA mice was 7-03 £ 1-07% (Fig. 3a). This result mice and the controls was compared. Co-culture experi-
showed that the mean percentage of CD4" CD25" T cells ments were performed using equal numbers of

from all CD4" T cells was not significantly decreased in CD4" CD25" T cells from OVA mice, S. japonicum egg
OVA mice (P = 0-085). However, CD4" CD25  T-cell mice or the controls and CD4* CD25™ T cells from con-

proliferation mixed with autologous CD4" CD25" T cells trol mice, which were stimulated by anti-CD3. Strikingly,
was higher in OVA mice (suppression <48%) as com- OVA mice showed decreased suppressive activity in regu-
pared with controls (suppression >63%) (Fig. 3b). Mean- latory CD4" CD25" T cells when compared with controls
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(P < 0-05), but S. japonicum egg antigens treatment signi-
ficantly increased suppressive activity in regulatory
CD4" CD25% T cells when compared with controls
(P <0-01) (Fig. 3c). These data indicated that the pri-
mary regulatory defect was in the function of CD4"
CD25" T cells isolated from the OVA mice.

Until very recently’® there were no reports of surface
markers that are uniquely expressed on suppressive
CD4" CD25* T cells, making identification and quantifi-
cation of this population very difficult. However, the
intracellular transcription factor Foxp3 is now known
to be functionally relevant to the immunosuppressive

S. japonicum eggs prevent asthma by Treg

Figure 3. Characterization of CD4" CD25" T cells in mice treated
with PBS, OVA and S. japonicum egg antigen. (a) The percentage of
CD4" CD25" T cells among CD4" T cells was determined by flow
cytometry and compared with OVA mice and PBS mice. Twenty-
four hr after final treatment with antigens, mice were killed and
splenocytes were stained with anti-CD4 FITC and anti-CD25 PE-Cy5
and FACS analysed. *P < 0-05 compared to OVA mice; **P < 0-001
compared to PBS mice. The data represent the mean number of
CD4" CD25" T cells in the 10 individual animals per experimental
group. (b) The suppressive efficacy of CD4" CD25" T cells medi-
ating suppression of CD4" CD25™ responder cell proliferation is
altered in different antigen-treated mice. CD4" CD25" T cells were
activated with soluble anti-CD3 mAb and tested for their ability to
proliferate in 1:1 cocultures of CD4" CD25" and autologous
CD4" CD25™ T cells. (c) The suppressive ability of CD4* CD25" T
cells was compared between mice treated with different antigens.
CD4" CD25" T cells from OVA mice, PBS mice or egg antigens
mice were cocultured with CD4" CD25™ T cells and APCs from PBS
mice (ratio of 1:1:1) activated with soluble anti-CD3 mAb.
*P < 005 compared to CD4'CD25" T cells from OVA mice,
**P < 0-05 compared to other groups. (d) FACS analysis of Foxp3
mean fluorescence intensity in CD4" CD25* T cells from PBS-
treated mice, OVA-treated mice and S. japonicum egg antigen-treated
mice. Splenocytes were stained at the cell surface with mAbs against
CD4 and CD25, followed by intracellular staining for FoxP3. Repre-
sentative expression of CD25 and FoxP3 on gated CD4" cells.
*P < 0-05 compared to OVA mice.

activity of CD4" CD25" T cells in both mice and
humans.*>*®*° In this regard, the mean fluorescent inten-
sity of the Foxp3" population was measured in CD4"
CD25" T cells. Our results showed that Foxp3 was highly
expressed in fresh CD4" CD25" T cells from S. japonicum
egg antigen-treated mice with lower expression observed
in OVA-treated mice and controls (Fig. 3d).

Antigen-induced inflammatory cell recruitment into
the airways is decreased with S. japonicum egg
antigen treatment, while depletion of CD25% cells in
naive mice increased the inflammatory response

To examine whether CD4" CD25" T cells contribute to
the regulation of OVA-induced inflammation, CD25"
cells were depleted 2 days before first antigen immuniza-
tion(Fig. 4a). These depleted CD25" cells in naive mice
were mainly endogenous Treg cells. The effect of
CD4" CD25" T cells on OVA-induced airway inflamma-
tion was ascertained by determining the inflammatory
score and the cellular composition in BALF fluid in four
groups of mice. As shown in Table 1, the total number of
cells and the number of macrophages, neutrophils and
eosinophils in BALF were significantly greater in the
OVA/CD25" cell depletion group than in the OVA group
(P < 0-05 for total number of cells, macrophages and
eosinophils, P < 0-01 for neutrophils). Lung lymphocytes
and eosinophils were significantly decreased in mice
exposed to S. japonicum egg antigen/OVA. No neutrophils
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Figure 4. Quantification of histological inflammation in mice trea-
ted with PBS, OVA or S. japonicum egg antigen. (a) Depletion of
CD4" CD25" T cells in a murine model of asthma. CD4" CD25" T
cells were depleted from BALB/c mice using anti-CD25 mAb before
OVA sensitization as described in Methods. The efficiency of deple-
tion was evaluated by FACS with anti-CD4-PE-Cy5 and anti-CD25-
FITC. (b) Mean peribronchial inflammation scores, *P < 0-01
compared to S. japonicum egg antigen/OVA mice; **P < 0-05 com-
pared to OVA mice. (c) Allergen-induced pulmonary inflammation.
PBS did not induce pulmonary inflammation. OVA induced a pre-
dominantly lymphocytic infiltrate with some eosinophilia. Before
depletion of CD25 cells, OVA induced a significant lymphocytic,
eosinophilic and neutrophilic infiltration with some necrosis. Pul-
monary inflammation induced by OVA is markedly diminished by
coadministration of SEA and dead S. japonicum eggs.

or eosinophils were observed in the BALF of the control
group.

The number of inflammatory cells per length of base-
ment membrane of the airways was used as a measure
of the amount of infiltration around the airways. The
OVA/CD25" cell depletion group produced a significant
increase in the number of infiltrated inflammatory cells
compared with the OVA group (P < 0-05) (Fig. 4b) along
with increased allergen-induced pulmonary inflammation
(Fig. 4c). Mice that received S. japonicum egg antigens
had markedly fewer tissue-infiltrating inflammatory cells
and diminished peribronchial inflammatory response in
the lungs (Fig. 4b, ¢). Therefore, those mice that received
S. japonicum egg antigens were protected from inflamma-
tion and asthma development.

In a murine model of asthma, the expression of Th2
cytokines decreased in mice treated with S. japonicum
egg antigens, while depletion of CD25" cells in naive
mice increased Th2 cytokine expression

To assess the potential role of CD4" CD25" T cells in
antigen induced Thl or Th2 response, the protein levels
of IFN-vy, IL-5 and IL-4 in BALF and in serum were
quantitated in CD25" cell-depleted OVA mice. In serum,
IL-5 was significantly increased in the OVA/CD25" cell
depletion group compared with the OVA group
(P < 0-05). Instillation of OVA alone resulted in signifi-
cant elevation of IL-4 (P < 0-001) and IL-5 (P < 0-05)
concentrations in serum compared with controls. No sig-
nificant difference in the level of IL-4 in serum was found
between the OVA and OVA/CD25" cell depletion groups
(Fig. 5a).

In BALF, IL-5 was significantly increased in the OVA/
CD25" cell depletion group compared with the control
(P <0-001) and OVA (P <0-05) groups. The OVA/
CD25" cell depletion group also showed an increase in
IL-4 in BALF compared with other groups, although these
differences were not statistically significant (Fig. 5b).
Interestingly, there was no difference in the level of IFN-y
in either BALF or serum samples from any of the experi-
mental groups shown in Fig. 5(a and b), which indicates
that CD4" CD25" T cells play an important role in
modulating excessive activation of effector Th2 cells.

The potential role of S. japonicum egg antigen treat-
ment in OVA-induced Thl or Th2 response in a murine
model of asthma was assessed by quantitating protein
levels of IFN-y, IL-5 and IL-4 in BALF and in serum.
In serum, IL-5 was significantly decreased in the OVA/
S. japonicum egg antigen group compared with the OVA
(P <0:05) group. A greater decrease in IL-4 was also
observed in the OVA/S. japonicum egg antigen group than
in the OVA group (P < 0-001) (Fig. 5a). In BALF, IL-4
was significantly decreased in the OVA/S. japonicum egg
antigen treatment group compared with the OVA group
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Table 1. Cellular profile in bronchoalveolar
lavage fluid

OVA/ OVA/
depletion egg
PBS OVA CD25 cells antigens
Total cells (x10%/ml) 115+13 242 + 12:5 35.6 + 3.2% 172 + 43
Macrophage (x10*/ml) 11-3 £ 1-6 12-8 + 83 19-2 + 3.2% 12:6 £ 32
Lymphocyte (x10*/ml) 00 + 00 69+ 31 7.7 £ 2.1 3.6 + 02
Neutrophil (x10*/ml) 0-0  0-0 0-8 + 02 2.3 + 0-1%* 02+ 01
Eosinophil (x10%ml) 0-0 + 00 3.7+ 18 64 + 1.6* 0-8 + 0-2%*

Four groups (10/group) of mice were intratracheally administered PBS, OVA, OVA after
depletion of CD25 cells, or OVA with S. japonicum egg antigen treatment for 4 week. BALF

was conducted 24 h after the last intratracheal instillation. Total cell counts were determined
on fresh BALF fluid and differential cell counts were assessed with Diff-Quik-staining.
*P < 0-05 compared to OVA mice; **P < 0-01 compared to OVA mice.
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Figure 5. Luminex measurements of IFN-y, IL-5 and IL-4 protein in
BALF and serum of PBS mice, OVA mice, depletion CD25 cells/fOVA
mice, and S. japonicum egg antigen/OVA mice. (a) Measurement of
cytokines in serum, *P < 0-001 compared to PBS or S. japonicum egg
antigen/OVA mice; **P < 0-05 compared to PBS or S. japonicum egg
antigen/OVA mice; ***P < 0-05 compared to OVA mice. (b) Meas-
urements of cytokine in BALF, *P < 0-05 compared to PBS or S. japo-
nicum egg antigen/OVA mice; **P < 0-05 compared to OVA mice.

(P < 0-05). The results indicated that IL-5 was also lower
in the OVA/S. japonicum egg antigen treatment group,
although this difference was not statistically significant
(Fig. 5b). No differences were found in the level of IFN-y
in BALF or in serum among the experimental groups
(Fig. 5a and b).

Discussion

The development of asthma is influenced by both genetic
and environmental factors. There is evidence suggesting
that infection may be one such environmental modifier in
that it plays a role in preventing the onset of this auto-
immune condition in rodent models and possibly also in
humans.?”* The results of this study demonstrated that
specific native antigens, S. japonicum egg antigens, were
able to induce a population of CD4" CD25" T cells which
elicited immunosuppressive activity in the mice, thereby
mediating asthma prevention. Our results showed that
CD4" CD25" T cells in a murine model of asthma
displayed impaired regulation of antigen-specific Th2 cell-
mediated allergic inflammation. On the other hand, injec-
tion of SEA plus oral administration of S. japonicum eggs
induced a significant increase of CD4" CD25" T cells with
immunosuppressive activity. S. japonicum egg antigens
treatment also increased the production of IL-10 and
decreased Th2 cell-mediated allergic inflammation in
mice. These findings may provide a novel approach for
protection against asthma and suggest a mechanistic
explanation for the protective effect of helminth infection
on the development of allergy.

Allergic asthma is characterized by airway hyperrespon-
siveness and mucosal inflammation mediated by CD4"
Th2 cells. That these events arise as a consequence of a
defect in immune regulation is implied from the observa-
tion that lung mucosal immune responses are normally
tightly regulated.*' Although the difference in CD4"
CD25" T-cell number between OVA sensitized mice and
the controls was not significant, CD4" CD25" T cells in
OVA mice showed a decrease in suppressive activity when
compared to controls. Allergic inflammation is character-
ized by a prominent eosinophil infiltrate. In OVA mice,
Th2 cell-mediated antigen-induced eosinophil recruitment
into the airways was significantly increased.*? In addition,
it was found that in OVA mice depleted of CD25" T cells,
Th2 cell-mediated allergic inflammation was up-regulated,
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antigen-induced eosinophil, as well as neutrophil recruit-
ment was increased, and OVA induced IL-4 and IL-5 pro-
duction was also increased. These results indicate that
CD4" CD25" T cells in the lung suppressed type 2
immune responses, and displayed a defect in down-regu-
lation of Th2 cell-mediated allergic inflammation in the
airways. Other reports have shown CD4" CD25" T cells
can modulate T helper cell differentiation toward the Th2
type*® but have no effect on the development of bronchial
hyperreactivity.***

Consistent with S. mansoni infection leading to the
development of CD4" CD25" T cells’®" S. japonicum
egg antigens treatment induced a significant increase of
CD4" CD25" T cells in BALB/c mice after a combination
of SEA injection and oral administration of dead S. japon-
icum eggs. Following T-cell receptor engagement,
CD4" CD25" T cells can suppress the activation and
proliferation of other CD4" and CD8" T cells in an
Ag-non-specific manner’>***” partly by inhibiting IL-2
production.”® IL-2 is essential for CD4" CD25" T-cell
function and plays a crucial role in the maintenance of
natural immunological self-tolerance.*®*° Neutralization
of circulating IL-2 by anti-IL-2 mAb has been shown to
elicit autoimmunity in BALB/c mice.® Our results
revealed that, in vitro, CD4" CD25" T cells from S. japon-
icum egg-immunized mice significantly decreased the pro-
liferation of CD4" CD25™ T cells from both S. japonicum
egg-immunized mice and controls. Furthermore, when
compared with CD4" CD25" T cells from PBS or OVA
mice, CD4" CD25" T cells from S. japonicum egg anti-
gen-treated mice showed increased suppressive activity in
response to anti-CD3. CD4" CD25" T cells from S. japon-
icum egg antigen-treated mice also significantly decreased
the proliferation of autologous CD4" CD25™ T cells and
the production of IL-2, when stimulated with SEA. The
regulatory activity of Treg cells appears to stem from their
expression of Foxp3, a transcription factor that acts as an
important regulator of the Treg phenotype.”’ Indeed, we
found that Foxp3 was highly expressed in CD4" CD25" T
cells from S. japonicum egg antigen-treated mice com-
pared to expression in OVA-treated mice and controls.
This finding is consistent with the data which showed
CD4" CD25" T cells from S. japonicum egg antigen-
treated mice possessed increased suppressive activity.

It has been reported that Thl responses are more
prone to regulation by CD4" CD25%" T cells than Th2
responses” Nevertheless, CD4" CD25" T cells can sup-
press Th2 maturation,™ possibly by inhibiting IL-4 pro-
duction® and the development of pulmonary eosinophilic
inflammation.>® In this study, the S. japonicum egg anti-
gen-treated murine model of asthma showed a decrease
of Th2 cytokine (IL-4 and IL-5) expression, but not of
Thl cytokines (IFN-v), in vivo and in the airways. Other
results indicated that S. japonicum egg antigen treatment
did not impair Thl cell-mediated immune response

in vivo. This observation is consistent with a significant
increase in CD4" CD25" T cells and a relief of antigen-
induced airway inflammation.

The requirement for IL-10 is critical in several import-
ant human diseases, including schistosomiasis, wherein
marked increases in host morbidity and mortality are
observed when IL-10 levels are low or absent.’*® In
murine S. mansoni infection, IL-10 reduces hepatocyte
damage induced by the eggs of the parasite, is essential
for maintenance of a non-lethal chronic infection and
inhibits inappropriate immune responses in experimental
models.”>®® CD4" CD25" T cells secrete immunosuppres-
sive cytokines like IL-10 and TGF-B.**** We found that
in serum IL-10, instead of TGF-B, was significantly
increased in the egg antigen-treated group compared
with the controls. Thus, in this study and in murine
S. mansoni infection, CD4" CD25" T cells were, at least
in part, an important contributor to IL-10 production.
Thus, blocking IL-10 or modulating CD4" CD25" T cells
could control helminth infection.®"**

Previous studies have shown that during helminthiasis,
Lacto-N-tetrose (LTNT), a sugar present in many kinds
of helminths, and lacto-N-fucopentose (LNFP III), found
in S. mansoni, act as inducing factors of both the type 2
response and production of IL-10.%> Therefore, the ability
of IL-10 to then inhibit the release of histamine and other
mediators by cord blood mast cells could be the mechan-
ism behind the inhibition of the skin prick test reaction
in schistosomiasis.** A study evaluating children living in
a S. haematobium endemic area in Africa showed high
levels of IL-10 and a decreased skin prick test response,
suggesting that parasite-induced IL-10 may be involved in
that process.®® Here, we provided evidence demonstrating
that induction of IL-10-producing CD4" CD25" T cells
by S. japonicum egg antigens treatment might down-regu-
late the immediate immune response in a murine model
of asthma by inhibiting IL-4 and IL-5 production.

It appears that S. japonicum egg antigens treatment,
similar to helminth infections®® can produce regulatory T
cells and mediate protection against allergic and auto-
immune disorders. The identification of parasite mole-
cules that induce protection against auto-immune and
allergic diseases is and will be a challenge to researchers
who work in this field, which could lead to the develop-
ment of new perspectives for the prevention and therapy
of asthma or other excessive-immune disorders.

Acknowledgements

We gratefully acknowledge assistance from Raychel
Chambers for review of the manuscript and Zhaosong
Zhang and Guanling Wu for valuable discussions. This
work was supported by the National Natural Science
Foundation of China (NSFC No. 30571629 and No.
30100156) to C. Su, grant (CX200006) to C. Su and

16 © 2006 The Authors Journal compilation © 2006 Blackwell Publishing Ltd, /Immunology, 120, 8-18



N. Sun from Nanjing Medical University and by grant
(XDBY04002) to C. Su and Y. Zhang from Jiangsu Prov-
ince Laboratory of Pathogen Biology and Immunology.

References

1 Herz U, Lacy P, Renz H, Erb K. The influence of infections on
the development and severity of allergic disorders. Curr Opin
Immunol 2000; 12:632—40.

2 Ober C, Thompson EE. Rethinking genetic models of asthma:
the role of environmental modifiers. Curr Opin Immunol 2005;
17:670-8.

3 Beasley R, Crane J, Lai CK, Pearce N. Prevalence and etiology of
asthma. J Allergy Clin Immunol 2000; 105:5466—72.

4 Upton MN, McConnachie A, McSharry C, Hart CL, Smith GD,
Gillis CR, Watt GC. Intergenerational 20 year trends in the preval-
ence of asthma and hay fever in adults. the Midspan family study
surveys of parents and offspring. Br Med ] 2000; 321:88-92.

5 Cookson WO, Moffatt MF. Asthma: an epidemic in the absence
of infection? Science 1997; 275:41-2.

6 Dagoye D, Bekele Z, Woldemichael K et al. Wheezing, allergy
and parasite infection in children in urban and rural Ethiopia.
Am ] Respir Crit Care Med 2003; 167:1369-73.

7 Cooper PJ, Chico ME, Bland M, Griffin GE, Nutman TB. Aller-
gic symptoms, atopy, and geohelminth infections in a rural area
of Ecuador. Am ] Respir Crit Care Med 2003; 168:313—7.

8 Mao XQ, Sun DJ, Miyoshi A, Feng Z, Handzel ZT, Hopkin JM,
Shirakawa T. The link between helminthic infection and atopy.
Parasitol Today 2000; 16:186-8.

9 Maizels RM. Infections and allergy — helminths, hygiene and
host immune regulation. Curr Opin Immunol 2005; 17:656—61.

10 Weiss ST. Parasites and asthma/allergy: what is the relationship?
J Allergy Clin Immunol 2000; 105:205-10.

11 Wills-Karp M, Santeliz ], Karp CL. The germless theory of aller-
gic disease: revisiting the hygiene hypothesis. Nat Rev Immunol
2001; 1:69-75.

12 Yazdanbakhsh M, Kremsner PG, van Ree R. Allergy, parasites,
and the hygiene hypothesis. Science 2002; 296:490—4.

13 Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immuno-
logic self-tolerance maintained by activated T cells expressing
IL-2 receptor alpha-chains (CD25). Breakdown of a single mech-
anism of self-tolerance causes various autoimmune diseases.
J Immunol 1995; 155:1151-64.

14 Suri-Payer E, Amar AZ, Thornton AM, Shevach EM. CD4*
CD25" T cells inhibit both the induction and effector function
of autoreactive T cells and represent a unique lineage of
immunoregulatory cells. J Immunol 1998; 160:1212-8.

15 Shevach EM. CD4" CD25" suppressor T cells: more questions
than answers. Nat Rev Immunol 2002; 2:389-400.

16 Powrie F, Maloy KJ. Immunology. Regulating the regulators.
Science 2003; 299:1030-1.

17 Kingsley CI, Karim M, Bushell AR, Wood KJ. CD25" CD4" reg-
ulatory T cells prevent graft rejection. CTLA-4- and IL-10-
dependent immunoregulation of alloresponses. ] Immunol 2002;
168:1080-6.

18 Onizuka S, Tawara I, Shimizu J, Sakaguchi S, Fujita T, Nakay-
ama E. Tumor rejection by in vivo administration of anti-CD25
(interleukin-2 receptor alpha) monoclonal antibody. Cancer Res
1999; 59:3128-33.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

S. japonicum eggs prevent asthma by Treg

Hori S, Carvalho TL, Demengeot J. CD25" CD4" regulatory T
cells suppress CD4" T cell-mediated pulmonary hyperinflamma-
tion driven by Pneumocystis carinii in immunodeficient mice.
Eur J Immunol 2002; 32:1282-91.

Hisaeda H, Maekawa Y, Iwakawa D, Okada H, Himeno K,
Kishihara K, Tsukumo S, Yasutomo K. Escape of malaria para-
sites from host immunity requires CD4" CD25" regulatory T
cells. Nat Med 2004; 10:29-30.

Dittmer U, He H, Messer R] et al. Functional impairment of
CD8 (4) T cells by regulatory T cells during persistent retroviral
infection. Immunity 2004; 20:293-303.

Thornton AM, Shevach EM. Suppressor effector function of
CD4" CD25" immunoregulatory T cells is antigen nonspecific.
J Immunol 2000; 164:183-90.

Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F.
An essential role for interleukin 10 in the function of regulatory
T cells that inhibit intestinal inflammation. J Exp Med 1999;
190:995-1004.

Powrie F, Carlino J, Leach MW, Mauze S, Coffman RL. A cri-
tical role for transforming growth factor-beta but not interleukin
4 in the suppression of T helper type I-mediated colitis by
CDA45RB (low) CD4+ T cells. ] Exp Med 1996; 183:2269-74.
Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the
development and function of CD4" CD25" regulatory T cells.
Nat Immunol 2003; 4:330—6.

Cooke A, Tonks P, Jones FM, O’Shea H, Hutchings P, Fulford
AJ, Dunne DW. Infection with Schistosoma mansoni prevents
insulin dependent diabetes mellitus in non-obese diabetic mice.
Parasite Immunol 1999; 21:169-76.

Gale EA. A missing link in the hygiene hypothesis? Diabetologia
2002; 45:588-94.

Nagayama Y, Watanabe K, Niwa M, McLachlan SM, Rapoport
B. Schistosoma mansoni and alpha-galactosylceramide: prophylac-
tic effect of Thl Immune suppression in a mouse model of
Graves’ hyperthyroidism. J Immunol 2004; 173:2167-73.

van den Biggelaar AH, van Ree R, Rodrigues LC, Lell B,
Deelder AM, Kremsner PG, Yazdanbakhsh M. Decreased
atopy in children infected with Schistosoma haematobium:
a role for parasite-induced interleukin-10. Lancet 2000; 356:
1723-7.

Araujo MI, de Carvalho EM. Human schistosomiasis decreases
immune responses to allergens and clinical manifestations of
asthma. Chem Immunol Allergy 2006; 90:29—44.

Hesse M, Piccirillo CA, Belkaid Y et al. The Pathogenesis of schisto-
somiasis is controlled by cooperating IL-10-producing innate
effector and regulatory T cells. ] Immunol 2004; 172:3157-66.
McKee AS, Pearce EJ. CD25" CD4" cells contribute to Th2
polarization during helminth infection by suppressing Thl
response development. J Immunol 2004; 173:1224-31.

Wynn TA, Cheever AW, Jankovic D, Poindexter RW, Caspar P,
Lewis FA, Sher A. An IL-12-based vaccination method for prevent-
ing fibrosis induced by schistosome infection. Nature 1995;
376:594—6.

Wood LJ, Inman MD, Watson RM, Foley R, Denburg JA,
O’Byrne PM. Changes in bone marrow inflammatory cell pro-
genitors after inhaled allergen in asthmatic subjects. Am ] Respir
Crit Care Med 1998; 157:99-105.

Fontenot JD, Rasmussen JP, Williams LM, Dooley JL, Farr AG,
Rudensky AY. Regulatory T cell lineage specification by the fork-
head transcription factor Foxp3. Immunity 2005; 22:329-41.

© 2006 The Authors Journal compilation © 2006 Blackwell Publishing Ltd, /mmunology, 120, 8-18 17



J. Yang et al.

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

18

Tournoy KG, Kips JC, Schou C, Pauwels RA. Airway eosino-
philia is not a requirement for allergen-induced airway hyper-
responsiveness. Clin Exp Allergy 2000; 30:79—85.

Thornton AM, Shevach EM. CD4* CD25" immunoregulatory T
cells suppress polyclonal T cell activation in vitro by inhibiting
interleukin 2 production. J Exp Med 1998; 188:287-96.

Bruder D, Probst-Kepper M, Westendorf AM et al. Neuropilin-1:
a surface marker of regulatory T cells. Eur ] Immunol 2004;
34:623-30.

Khattri R, Cox T, Yasayko SA, Ramsdell F. An essential role for
Scurfin in CD4" CD25" T regulatory cells. Nat Immunol 2003;
4:337-42.

Baxter AG, Healey D, Cooke A. Mycobacteria precipitate auto-
immune rheumatic disease in NOD mice via an adjuvant-like
activity. Scand ] Immunol 1994; 39:602—6.

Lee SC, Jaffar ZH, Wan KS, Holgate ST, Roberts K. Regula-
tion of pulmonary T cell responses to inhaled antigen. Role
in Thl- and Th2-mediated inflammation. J Immunol 1999;
162:6867-79.

Gleich GJ. The eosinophil and bronchial asthma: current under-
standing. J Allergy Clin Immunol 1990; 85:422-36.

Suto A, Nakajima H, Kagami SI, Suzuki K, Saito Y, Iwamoto L.
Role of CD4 (+) CD25 (+) regulatory T cells in T helper 2 cell-
mediated allergic inflammation in the airways. Am ] Respir Crit
Care Med 2001; 164:680-7.

Hadeiba H, Locksley RM. Lung CD25 CD4 regulatory T cells
suppress type 2 immune responses but not bronchial hyper-
reactivity. J Immunol 2003; 170:5502-10.

Jaffar Z, Sivakuru T, Roberts K. CD4" CD25" T cells regulate
airway eosinophilic inflammation by modulating the Th2 cell
phenotype. J Immunol 2004; 172:3842-9.

Piccirillo CA, Shevach EM. Cutting edge. control of CD8" T cell
activation by CD4" CD25" immunoregulatory cells. J Immunol
2001; 167:1137—40.

Kursar M, Bonhagen K, Fensterle J, Kohler A, Hurwitz R, Kam-
radt T, Kaufmann SH, Mittrucker HW. Regulatory CD4" CD25"
T cells restrict memory CD8" T cell responses. | Exp Med 2002;
196:1585-92.

de la Rosa M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is
essential for CD4" CD25" regulatory T cell function. Eur ]
Immunol 2004; 34:2480-8.

Malek TR, Bayer AL. Tolerance, not immunity, crucially
depends on IL-2. Nat Rev Immunol 2004; 4:665-74.

Setoguchi R, Hori S, Takahashi T, Sakaguchi S. Homeostatic
maintenance of natural Foxp3 (+) CD25 (+) CD4 (+) regula-
tory T cells by interleukin (IL) -2 and induction of autoim-
mune disease by IL-2 neutralization. J Exp Med 2005;
201:723-35.

Ramsdell F. Foxp3 and natural regulatory T cells: key to a cell
lineage? Immunity 2003; 19:165-8.

Cosmi L, Liotta F, Angeli R et al. Th2 cells are less susceptible
than Thl cells to the suppressive activity of CD25" regulatory
thymocytes because of their responsiveness to different cyto-
kines. Blood 2004; 103:3117-21.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

Xu D, Liu H, Komai-Koma M, Campbell C, McSharry C,
Alexander J, Liew FY. CD4" CD25" regulatory T cells suppress
differentiation and functions of Thl and Th2 cells, Leishmania
major infection, and colitis in mice. J Immunol 2003; 170:394-9.
Aseffa A, Gumy A, Launois P, MacDonald HR, Louis JA, Tacch-
ini-Cottier F. The early IL-4 response to Leishmania major and
the resulting Th2 cell maturation steering progressive disease in
BALB/c mice are subject to the control of regulatory CD4"
CD25" T cells. J Immunol 2002; 169:3232—41.

Zuany-Amorim C, Sawicka E, Manlius C et al. Suppression of
airway eosinophilia by killed Mycobacterium vaccae-induced
allergen-specific regulatory T cells. Nat Med 2002; 8:625-9.
Gazzinelli RT, Wysocka M, Hieny S et al. In the absence of
endogenous IL-10, mice acutely infected with Toxoplasma gondii
succumb to a lethal immune response dependent on CD4" T
cells and accompanied by overproduction of IL-12, IFN-gamma
and TNF-alpha. J Immunol 1996; 157:798-805.

Schopf LR, Hoffmann KF, Cheever AW, Urban JF Jr, Wynn TA.
IL-10 is critical for host resistance and survival during gastro-
intestinal helminth infection. J Immunol 2002; 168:2383-92.
Wille U, Nishi M, Lieberman L, Wilson EH, Roos DS, Hunter
CA. IL-10 is required to prevent immune hyperactivity during
infection with Trypanosoma cruzi. Parasite Immunol 2004;
26:229-36.

Hoffmann KF, Cheever AW, Wynn TA. IL-10 and the dangers
of immune polarization. excessive type 1 and type 2 cytokine
responses induce distinct forms of lethal immunopathology in
murine schistosomiasis. J Immunol 2000; 164:6406—16.
Hawrylowicz CM, O’Garra A. Potential role of interleukin-
10-secreting regulatory T cells in allergy and asthma. Nat Rev
Immunol 2005; 5:271-83.

Powrie F, Carlino J, Leach MW, Mauze S, Coffman RL.
A critical role for transforming growth factor-beta but not
interleukin 4 in the suppression of T helper type 1-mediated
colitis by CD45RB (low) CD4+ T cells. J Exp Med 1996;
183:2669-74.

Hunter MM, Wang A, Hirota CL, McKay DM. Neutralizing
anti-IL-10 antibody blocks the protective effect of tapeworm
infection in a murine model of chemically induced colitis.
J Immunol 2005; 174:7368-75.

Taylor MD, LeGoff L, Harris A, Malone E, Allen JE, Maizels
RM. Removal of regulatory T cell activity reverses hyporespon-
siveness and leads to filarial parasite clearance in vivo. J Immu-
nol 2005; 174:4924-33.

Velupillai P, dos Reis EA, dos Reis MG, Harn DA. Lewis (x)-
containing oligosaccharide attenuates schistosome egg antigen-
induced immune depression in human schistosomiasis. Hum
Immunol 2000; 61:225-32.

Royer B, Varadaradjalou S, Saas P, Guillosson JJ, Kantelip JP,
Arock M. Inhibition of IgE-induced activation of human mast
cells by IL-10. Clin Exp Allergy 2001; 31:694-704.

Wilson MS, Taylor MD, Balic A, Finney CA, Lamb JR, Maizels
RM. Suppression of allergic airway inflammation by helminth-
induced regulatory T cells. ] Exp Med 2005; 202:1199-212.

© 2006 The Authors Journal compilation © 2006 Blackwell Publishing Ltd, /Immunology, 120, 8-18



